The transforming growth factor-b (TGF-b) signal transduction pathway controls many cellular processes, including differentiation, proliferation and apoptosis. It plays a fundamental role during development and it is dysregulated in many diseases. The factors that control the dynamics of the pathway, however, are not fully elucidated yet and so far computational approaches have been very limited in capturing the distinct types of behaviour observed under different cellular backgrounds and conditions into a single-model description. Here, we develop a detailed computational model for TGF-b signalling that incorporates elements of previous models together with crosstalking between Smad1/5/8 and Smad2/3 channels through a negative feedback loop dependent on Smad7. The resulting model accurately reproduces the diverse behaviour of experimental datasets for human keratinocytes, bovine aortic endothelial cells and mouse mesenchymal cells, capturing the dynamics of activation and nucleocytoplasmic shuttling of both R-Smad channels. The analysis of the model dynamics and its system properties revealed Smad7-mediated crosstalking between Smad1/5/8 and Smad2/3 channels as a major determinant in shaping the distinct responses to single and multiple ligand stimulation for different cell types.
Introduction
The transforming growth factor-b (TGF-b) superfamily of cytokines controls a diverse range of cellular responses, including proliferation, differentiation and apoptosis [1] . It plays a fundamental role during development and in maintenance of tissue homeostasis [2] . Defective TGF-b signalling and alterations of the main pathway components have been identified in a number of human diseases, including autoimmune and cardiovascular diseases, developmental disorders and cancer [3] [4] [5] .
The TGF-b superfamily of ligands initiates signalling by binding to two types of transmembrane serine-threonine kinase receptors, namely type I and type II receptors, at the cell surface ( plasma membrane) and activating the downstream signalling cascade. Typically, the ligand binds to the constitutively active type II receptors on the cell surface, and subsequently the resulting ligand -receptor complex recruits the type I receptor, which is phosphorylated by the type II receptor [6] . In turn, this active heteromeric signalling receptor complex is internalized, which allows it to recruit and phosphorylate cytosolic receptor-regulated Smad (R-Smad) proteins. Further downstream, the phosphorylated R-Smads are released from the active ligand-receptor complex, bind to Smad4, the common mediator Smad (Co-Smad), and translocate across the nuclear membrane, accumulating in the nucleus. The nuclear phosphorylated R-Smad-Co-Smad complexes act as transcription factors, binding to DNA and regulating the expression of hundreds of genes in a cell-type-specific and context-dependent fashion [7] .
This superfamily of ligands stimulates downstream signalling through the activation of two R-Smad channels, centralized about Smad1/5/8 and Smad2/3 phosphorylation. Among the type I receptors, ALK4/5/7 specifically & 2013 The Author(s) Published by the Royal Society. All rights reserved.
phosphorylate Smad2 and Smad3, while ALK1/2/3/6 phosphorylate Smad1, Smad5 and Smad8 [7] . The latter group is often associated with bone morphogenetic protein (BMP) induction, while the former are activated in response to TGF-b, Nodal or Activin. However, the potential combinatorial interactions in the macromolecular assembly of the active ligand -receptor complexes among the 33 known members of the TGF-b superfamily of ligands with five type II and seven type I receptors in mammalian cells, for instance, could lead to potential crosstalk between channels [8] and to the activation of both channels by a single ligand [9] . In particular, the TGF-b ligand induces phosphorylation of Smad2 and Smad3 through the recruitment of ALK5 to the ligandreceptor complex, but it has also been shown to activate the Smad1/5/8 channel in a number of cell lines. In these cases, while still binding to the same type II receptor (TGF-b type II receptor, denoted here by RII T ), the ligand-receptor complex recruits ALK1 in endothelial cells [10] and ALK5 alone or in conjunction with another type I receptor from the ALK1/2/3/6 group in several other cell types [11] [12] [13] [14] leading to Smad1 phosphorylation.
Several mechanisms exist at each step of the signal transduction pathway that contribute to the regulation of the signal [15] . Particularly important for the TGF-b pathway are receptor trafficking [16] and Smad nucleocytoplasmic shuttling [17] . At the plasma membrane, receptors are constitutively internalized and recycled, tightly regulating the number of active receptors at the cell surface [16, 18] . Similarly, Smad proteins and R-Smad complexes are constitutively shuttled across the nuclear membrane, providing an avenue for sensing receptor activity and reflecting changes into the nucleus [17] . In addition, Smad proteins undergo proteasomal degradation, dephosphorylation, sequestration and direct inhibition of their transcriptional activity [2] .
An additional layer of signalling regulation occurs through negative feedback control mediated by the inhibitory Smads (I-Smads), namely Smad6 and Smad7 [15] . Indeed, members of the TGF-b superfamily induce transcription of the Smad6 and Smad7 genes [19, 20] through binding of nuclear R-Smad complexes to Smad6 and Smad7 promoters [2] . I-Smads inhibit TGF-b superfamily signalling through several mechanisms, with Smad6 preferentially blocking BMP signalling and Smad7 blocking both TGF-b and BMP signalling. Smad6 has been reported to bind to phosphorylated Smad1 thus preventing the formation of the active pSmad1-Smad4 species [21] , but typically competes with the R-Smads for receptor binding [22] . Smad7 similarly blocks R-Smad recruitment to the receptors [23] , and induces receptor degradation through Smurf-dependent ubiquitination [24, 25] . I-Smads can also inhibit responses at the transcriptional level, for instance by recruiting Smad co-repressors to DNA [15] .
Quantitative approaches and predictive models have been successfully applied to the TGF-b signal transduction pathway, providing a means to functionally understand the key mechanisms and processes underpinning experimental results [8,26 -37] . Specifically, receptor trafficking and the dynamics of ligand -receptor complexes have been shown to be a crucial signal-processing component [8, 34] . Additionally, Smad activation and nucleocytoplasmic shuttling have been shown to provide a mechanism for faithfully transmitting cytosolic signals into the nucleus, which adds an additional layer of signal control [29, 33] . Melke et al. [31] developed an endothelial-cell-based model, incorporating dynamics of two R-Smad channels with an I-Smad negative feedback mechanism, but with simplified receptor mechanics. Paulsen et al. [32] have also explored negative feedback control in this system with respect to BMP-derived developmental patterns in vertebrate embryos. Zi & Klipp [35] and Chung et al. [28] combined aspects of the previously developed models into detailed receptor/Smad models without dynamic I-Smad negative feedback. Recently, these models have been extended to investigate the unique signalling responses of the system under a variety of experimental and theoretical conditions [27, 36, 37] .
Here, we develop a novel detailed computational model for TGF-b signalling that incorporates elements of previous models together with crosstalking between Smad1/5/8 and Smad2/3 channels. Crosstalking is mediated by a negative feedback loop dependent on Smad7 that impacts receptor degradation and its ability to transmit the signal through the R-Smad phosphorylation. We incorporate detailed receptor trafficking and Smad nucleocytoplasmic shuttling through both R-Smad channels together with the addition of the ligand-induced negative feedback loop. We apply this model to three distinct cell lines-human keratinocytes (HaCaT), bovine aortic endothelial cells (BAEC) and mouse mesenchymal cells (C2C12)-in order to investigate the underlying mechanisms that define their varying response to ligand stimulation. The resulting mathematical description provides further insight into the control mechanisms of this signal transduction pathway, which are key to its dynamics and broad range of functions. Our results indicate that this negative feedback mechanism is sufficient to characterize the differing signal duration and dynamics between the two R-Smad channels in the three cell types, while the effects of coupled signalling among TGF-b family members further differentiate their signalling patterns.
Model development and methods

Model formulation
Our computational model for Smad-dependent signalling considers the main elements of the model developed in the study of Chung et al. [28] , which takes into account detailed receptor trafficking, activation of Smad2 upon TGF-b stimulation and Smad nucleocytoplasmic shuttling, and implements both a Smad1-based signalling channel, which can be activated by TGF-b and/or BMP ligands, and a dynamic negative feedback loop through Smad7.
We have characterized the behaviour of the negative feedback loop in HaCaT, BAEC and C2C12 cells. We have chosen these cell types based on the available experimental data on the temporal signalling dynamics of both Smad1 and Smad2 channels upon TGF-b and BMP stimulation and because these three cell lines provide three examples with different properties of the feedback loop.
The full pathway considered in our model, including signalling through TGF-b and BMP (BMP2/BMP6), is illustrated in figure 1 and the different molecular species and their corresponding cellular location are shown in table 1. The arrows in figure 1 indicate reaction steps along the pathway corresponding to the expressions in table 2. The key modules of the model are described in the following subsections, including the details for the three different cell lines.
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We consider TGF-b, BMP2 and BMP6 ligands freely available and well mixed in the extracellular matrix and at a constant concentration.
The ligand TGF-b first binds to a type II receptor (RII T ), forming the TGF-b . RII T species, which then recruits a type I receptor, one of the activin receptor-like kinase (ALK) proteins. ALK5 triggers phosphorylation of Smad2/3, stimulating signalling through that branch of the pathway [1] . Smad1/5/8 activation depends on additional type I receptors that can be expressed on the specific cell type. In endothelial cells, it is probably ALK1 [10] , while the leading candidate in HaCaT cells is ALK2 [11] . We use RI 1T and RI 2 to denote the TGF-bassociated type I receptor activating the Smad1 and Smad2 channel, respectively.
An ALK5-dependence for Smad1/5/8 channel activation by TGF-b has been implicated in several cell types, including HaCaT [11] , BAEC [38] and C2C12 [14] cell lines. As the mechanism for this process is not fully elucidated, we model Smad1 channel activation through the formation of a TGF-b . RII T -RI 1T complex (denoted here by C 1T ). The fact that ALK5 receptors are also present in the model and that typically the activity of Smad2 controlled by ALK5 decays more slowly than that of Smad1 [11, 14, 38] ensures that the model captures the experimental evidence requiring ALK5 receptor for Smad1 phosphorylation.
In a similar fashion, we also include the mechanism for stimulation by BMP2 and BMP6. Through any of the BMPassociated type II receptors (BMPR2, ACVR2A or ACVR2B) and either ALK3 or ALK6, the BMP2 ligand stimulates Smad1/5/8 phosphorylation and the associated downstream signalling processes. The BMP6 ligand signals in a similar manner with the addition of ALK2 as a potential type I receptor partner [39] . It is worth noting that BMP2 provides an entirely separate route from TGF-b for Smad1 channel activation, whereas BMP6 can potentially introduce competition for ALK2 with TGF-b if cells are costimulated with both ligands. Here, we only consider single-ligand treatment for BMP6 in the model, allowing its signalling mechanism to mirror that of BMP2. In both cases, the active ligand-receptor complexes are denoted by C 1B .
It is important to emphasize that BMP, in contrast to TGF-b, binds type I and type II receptors in a cooperative manner, which means that BMP is capable of binding to either type of receptor independently but with low affinity unless both types of receptors are present [1] . In all of the experiments that we have analysed, the conditions included saturating concentrations of ligands, which imply that the ligand -receptor complexes are formed very fast independently of the details of the association mechanism between the receptors and ligands. Furthermore, as we maintain a high BMP concentration in all simulations, there is no need to take into account explicitly the cooperative interactions between BMP and their cognate receptors. The differences in ligand-receptor interaction dynamics, in conjunction with receptor trafficking, can lead to distinct BMP signalling dynamics for low ligand concentrations, a situation not considered here. It should be noted that, as a consequence of the different mechanisms for ligand-receptor complex formation, BMP concentrations required for activating Smad1 signalling are higher than those used for TGF-b activation.
Receptor trafficking
TGF-b receptors are constitutively internalized and recycled whether bound to a ligand or free [16, 18] . We adopt the methodology developed by Vilar et al. [8] to describe this phenomenon, which has been shown to be a key component in controlling the signal response.
R-Smad activation and oligomerization
Once internalized into the endosomes, active ligand-receptor complexes are able to recruit and phosphorylate cytosolic R-Smad proteins. Upon phosphorylation, the activated R-Smad is released from the active ligand-receptor complex to carry the signal downstream. Both sets of activated R-Smads bind to the Co-Smad in the cytoplasm, forming phosphorylated Smad1-Smad4 (pSmad1-Smad4) or Smad2-Smad4 (pSmad2-Smad4) complexes [7] . We adopt the simplified stoichiometry used by Chung et al. [28] in which the R-Smads only heterodimerize with Smad4.
Smad nucleocytoplasmic shuttling
Smad proteins are constitutively shuttled between nucleus and cytoplasm in the absence of ligand stimulation [40] . While the majority of Smad species are found in the cytosol prior to stimulation, they accumulate in the nucleus upon TGF-b treatment [41] . We use first-order kinetics to model the shuttling processes, along the lines of those developed in the study of Schmierer et al. [33] . The full nucleocytoplasmic shuttling of Smad molecular species is modelled as in the study of Chung et al. [28] . We consider identical shuttling dynamics for both R-Smad channels.
I-Smad-mediated negative feedback loop
Ligands of the TGF-b superfamily can strongly induce transcription of both I-Smad genes [19, 20] . In these situations, I-Smad gene expression is controlled by the binding of nuclear active R-Smad complexes, mainly pSmad1-Smad4 and pSmad2-Smad4, to the Smad6 and Smad7 promoter region [2] . We simplify the process of gene transcription and protein production by modelling it as a one-step process relative to the concentration of nuclear pSmad1-Smad4 and pSmad2-Smad4 complexes. This is mathematically characterized by modulating a maximal rate of production by the probability of one of the phospho-R-Smad -Smad4 complexes binding its promoter. Once produced, we consider that the I-Smad is uniformly distributed throughout the cytoplasm. In addition, we consider a single I-Smad species, namely Smad7. Upon binding to a receptor complex, Smad7 not only inhibits R-Smad activation by competing for receptor binding [23] , but also promotes ubiquitin-mediated degradation through recruitment of Smurf1 [25] or Smurf2 [24] . This results in a complex series of steps, which we model as an effective irreversible association reaction between Smad7 and the active ligand-receptor complex. In agreement with the model generated by Paulsen et al. [32] , we only consider this receptor interference/degradation mechanism and similarly group Smad6 effects with those of Smad7.
Each of the three cell lines considered here possesses differences in the negative feedback loop-in terms of initial Smad7 concentration, ligand-induced production of Smad7, and Smad7-induced targeting of receptors for degradation-and response to TGF-b stimulation. We have characterized the negative feedback loop for the HaCaT, BAEC and C2C12 cell lines and the key differences are summarized below.
HaCaT case
In HaCaT cells, Smad7 protein is present prior to ligand stimulation [42] . Upon treatment with TGF-b, Smad7 protein levels increase slightly before returning to steady-state levels [43] . Through this mechanism, Smad7 provides a relatively static level of inhibition.
In epithelial cells, TGF-b-induced phosphorylated Smad1 can associate with Smad2 rather than with Smad4, forming a Table 2 . Rate equations for each step of the modelled pathway. Equations assigned to m are production/degradation reactions, while those assigned to v are mass-action kinetic expressions. The former are associated with a particular species, while the latter are numerically ordered to correspond with figure 1. Additionally, the kinetic reactions are specified by the R-Smad channel (1 or 2) and ligand initiating the reaction (T or B for TGF-b or BMP, respectively). Overbars indicate internalized receptor species and c or n represent cytoplasmic or nuclear compounds, respectively. In the HaCaT and C2C12 cases, we account for mixed complex formation by tagging TGF-b-induced pSmad1 spies and preventing the tagged pS1S4 n complexes from initiating Smad7 expression (see the electronic supplementary material, table S1).
rsif.royalsocietypublishing.org J R Soc Interface 10: 20130363 mixed R-Smad complex unable to activate transcription of BMP-responsive reporter genes containing BMP-responsive elements (BREs), which bind BMP-induced pSmad1-Smad4 complexes [12] . Experimental evidence suggests that this transcriptionally inactive mixed R-Smad complex is not formed because of a higher affinity for mixed complex formation, but rather the simultaneous presence of both R-Smads at the active ligand -receptor complex [12] . Since the mechanism of this process is not fully elucidated, we incorporate this into the model for HaCaT cell lines by preventing TGF-b-induced nuclear pSmad1-Smad4 complexes from inducing Smad7 expression. In the model, this is accomplished by tagging the pSmad1 species phosphorylated as a result of TGF-b stimulation. These tagged proteins behave identically to their normal counterparts, except that they do not control Smad7 production.
BAEC case
In contrast to the behaviour observed in HaCaT cells, a highly dynamic negative feedback mechanism appears to exist in endothelial cells, in which the initial Smad7 concentration is zero or far lower than that of other species [31] . In cells treated with cycloheximide (CHX), an inhibitor of protein biosynthesis in eukaryotic cells, the negative feedback loop is abolished upon TGF-b stimulation, indicating that Smad7 presence requires protein production [44] . In addition, experimental results identify ALK1 as the primary contributor to Smad7 induction. Subsequently, the I-Smad targets the Smad1 channel with higher affinity than that for the Smad2 channel [44] . This establishes a well-defined, auto-regulatory negative feedback loop in endothelial cells.
C2C12 case
Similar to the behaviour observed in BAEC cells, C2C12 cells have little Smad7 present prior to ligand stimulation [45] . In this cell line, TGF-b treatment does not lead to transcriptional activation of BMP-responsive reporter genes, suggesting mixed R-Smad complex formation as described in the HaCaT case, whereas the BMP2 ligand is able to strongly induce transcription of these reporter genes controlled by BREs [12] . To incorporate these observations into our model, we allow the Smad2 channel to induce Smad7 production (at the transcriptional level) upon TGF-b stimulation and the Smad1 channel to induce Smad7 production upon BMP (BMP2) stimulation. Wrighton et al. [14] reported that C2C12 cells are able to activate the Smad1 channel upon TGF-b stimulation independently of ALK1/2/3/6 receptors, relying exclusively on ALK4/5/7. As with the mixed R-Smad complex phenomenon, there is not sufficient mechanistic detail of this signal transduction step. Therefore, in this case, we maintain two separate TGF-b-induced active ligand-receptor complexes (C 1T and C 2 ) in the model, one for activation of each R-Smad channel. It has been suggested that ALK5-mediated phosphorylation of Smad1 may involve additional accessory proteins within the active ligand-receptor complex [14] . In our model, this effect is mathematically equivalent to altering the R-Smad affinity for the active ligand -receptor complex or the rate of phosphorylation between channels, which emulates the effect of potential intermediate-protein dependence.
Mathematical model and implementation
The full model, as schematically represented in figure 1 , is built upon a system of ordinary differential equations (ODEs) shown in table 3, which are formulated from combinations of the reaction rates of table 2. As done in the study of Chung et al. [28] , we compartmentalize the pathway in a single cell with cytosolic and nuclear volumes of 1.13 Â 10 212 l and 3.75 Â 10 213 l, respectively. This cell is then modelled within 1 ml of extracellular media per million cells [28] .
The system for each of the three different cell types and experimental conditions is numerically integrated with the 'ode15s' routine in MATLAB 7.12 (The MathWorks, Natick, MA, USA), using the initial conditions and parameter values discussed in the next sections.
Initial conditions
Following the study of Chung et al. [28] and a survey of receptor numbers in a variety of cell types [46] , we consider a total of 10 000 receptors of each type per cell, which we assume is evenly distributed between type I and type II receptors. We extend this assumption to all receptor species, yielding 5000 molecules per cell of RII T , RII B , RI 1T , RI 1B and RI 2 . It has been shown that these receptors are not distributed evenly between plasma membrane and endosomes. In fact, the distribution is heavily skewed towards internalized receptors, with approximately 90 per cent found within endosomes and 10 per cent remaining on the cell surface [16] .
We use an initial value of 100 000 molecules of Smad2 and Smad4 per cell [29] . In the case of Smad1 proteins, we estimated a similar initial amount from comparative Western blots [14] . Smad proteins are also distributed non-uniformly between cytosol and nucleus with the majority remaining in the cytosol prior to induction. Approximately 15 per cent of Smad2 and 13 per cent of Smad4 is found in the nucleus in the non-induced cell [41] . We consider an initial nuclear distribution of 15 per cent for Smad1 proteins. Based on comparative Western blot data of Smad7 and Smad2 protein levels in HaCaT cells, we consider initially 39 000 Smad7 molecules per cell in this cell line [42] . In the BAEC and C2C12 cases, Smad7 has an initial value of zero. All other molecular species are initially set to zero. The full set of initial estimates for all the molecular species of the model is summarized in table 1.
Beginning with these initial estimates, we obtained the initial values of all the molecular species, shown in table 1, by allowing the system to reach a steady state prior to stimulation with the ligand.
Parameter estimation
Several of the parameters have been calculated from experimental data or determined from previous mathematical models. These parameters characterize the Smad2 channel dynamics in HaCaT cells upon treatment with TGF-b without considering the Smad7-mediated negative feedback loop. In order to add the Smad1 channel, we assume the same parameters apply to its Smad1-associated reactions. With the explicit inclusion of Smad7, we added two calculated parameter values (k syn,S7 and k deg,S7 ) and a set of seven estimated parameters (k lip,1 , k lip,2 , K A,1 , K A,2 , k 20a,1T , k 20a,1B and k 20a,2 ) governing ligand-induced production rsif.royalsocietypublishing.org J R Soc Interface 10: 20130363 of Smad7 and its affinity for the active ligand-receptor complex. The constitutive production value (k syn,S7 ) was determined by solving the time-derivative for Smad7 (table 3) at steady state without ligand, ensuring that, under these conditions, the steady-state value of Smad7 remains at its initial concentration for each cell line. We used the results of an experimental degradation assay to calculate the constitutive degradation rate k deg,S7 [47] .
For the HaCaT cell line, we only optimized the estimated parameters associated with Smad7 dynamics, specifically k lip,2 , K A,2 and k 20a,2 . For the BAEC and C2C12 cell lines, we subject the parameters estimated in Chung et al. [28] to further optimization in order to account for variability between cell lines. The result is a set of parameters that is shared among the three cases (table 4) and another set with specific values for each cell line (table 5) .
To estimate the unknown parameters, we fit the simulation results to a series of experimental datasets for each cell line, encompassing the dynamics of different molecular species of both R-Smad channels, Smad4 and Smad7 proteins, as well as the effects of drugs, such as CHX. Unless otherwise stated, we collected the experimental data points 
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by quantifying Western blot experiments using IMAGEJ 10.2 [55] and normalizing the time courses so the maximum concentration is 1. We define the objective function for minimization as the least-squares error between simulated and experimental data, which is given by
where C i (t j ) and y i (t j ) denote the simulated and experimental relative concentration of the molecular species, respectively, at a time t j for a particular dataset i. We first sum over all n i time points of dataset i and normalize to this value, providing a means to compare between experiments with varying number of sample points. Finally, we sum over the N datasets for a given cell line. The experimental data used for parameter optimization consisted of (i) nuclear phosphorylated Smad2 ( pSmad2) and Smad7 time courses upon TGF-b treatment [17, 43] and cytosolic pSmad2, cytosolic Smad2 and nuclear Smad4 time courses upon treatment with TGF-b and CHX [56] , for HaCaT cells; (ii) phosphorylated Smad1 ( pSmad1) and pSmad2 time courses upon TGF-b treatment [31, 44] and pSmad1 time courses upon BMP6 treatment [57] , for BAEC cells, and (iii) pSmad1 and pSmad2 time courses upon TGF-b treatment and pSmad1 time courses upon BMP2 treatment, for C2C12 cells [14] . To determine the optimized set of parameters (table 5) , we first used a simulated annealing method implemented by the 'simulannealbnd' routine, followed by the 'patternsearch' function in MATLAB 7.12 (The MathWorks, Natick, MA, USA). This approach for minimization of the objective function first provides a global search in the parameter space and supplements it with an additional local minimization to further refine the parameter set. By doing so, we reduce the probability of terminating on a nearby local minima. The parameter space is defined by assigning to each parameter value a lower and upper bound of one order of magnitude below and above its initial value, respectively. Owing to lower degree of certainty with the Smad7 parameters (k lip,1 , k lip,2 , K A,1 , K A,2 , k 20a,1T , k 20a,1B and k 20a,2 ), we increased their bounds by one additional order of magnitude in each direction. As a rough initial estimate for the ligand-induced production terms (k lip,1 and k lip,2 ), we used 
Sensitivity analysis
In order to quantify the dependence of the behaviour of the system on the value of the individual parameters, we performed a sensitivity analysis for the model corresponding to the three cell lines. As a sensitivity metric, we examine the peak concentration of nuclear phosphorylated Smad2-Smad4 complexes after stimulation with 2 ng ml 21 of TGF-b for 10 h. The scaled sensitivity coefficients [59] are given by 
Results
Model performance for the three different cell lines
For each cell line, we compare the simulation results of the model with the time-course experiments used for parameter optimization and examine the ability of the model to predict additional available experimental data not included in the optimization routine as a model validation step. We focus on the typical experimental conditions that measure the response of the system to a sudden change of the ligand (TGF-b or BMP2/BMP6) concentration from zero to a saturating value that is kept constant afterwards, unless otherwise specified.
Human keratinocyte cell line
The model parameters for the HaCaT case were optimized to a set of five time-course experiments upon TGF-b treatment.
Comparison of the simulation results with the experimental data (figure 2a-e) shows a good agreement between the model and the time-course experiments in HaCaT cells used to estimate the parameters. In particular, the model accurately reproduces the rapid peak of nuclear pSmad2 within the first hour and tapering off over the subsequent 9 h observed in the experiments in response to a step function of the ligand at time zero (figure 2a). Figure 2b shows the effects on Smad7, which remains relatively static over the course of 10 h. The model also captures the slight decrease in Smad7 concentration immediately after TGF-b treatment, in qualitative agreement with the experimental behaviour [42] , and then plateaus within 4 h. In addition, the model reproduces well the effects of a treatment with both TGF-b ligand and the inhibitory drug CHX ( figure 2c-e) . In the simulations, we consider the effects of CHX by setting all protein production rate constants (k syn,RII , ) TGF-b. Experimental data and quantification are from [36] . (h) Ratio of phosphorylated Smad2 to Smad2 with pulse of 2 ng ml 21 TGF-b followed by SB431542. Experimental data and quantification were done in [54] . (i) Ratio of phosphorylated Smad2 to Smad2 with 2 ng ml 21 TGF-b. Experimental data and quantification were done in [54] . (Online version in colour.) rsif.royalsocietypublishing.org J R Soc Interface 10: 20130363 k syn,RI , k syn,RS , k syn,S4 , k syn,S7 , k lip,1 and k lip,2 ) to zero. This results in a highly transient cytosolic phosphorylated Smad2 response (figure 2c), which reaches pre-stimulus levels after 10 h. The model reproduces the experimentally observed decrease in cytosolic Smad2 (figure 2d) and the concomitant increase in nuclear Smad4 (figure 2e), which results mainly from the nuclear accumulation of pSmad2-Smad4 complexes. These results indicate that the model accurately captures the nucleocytoplasmic shuttling dynamics of the system. To validate the model, we examined its ability to predict additional experimental data not used for parameter optimization [17, 36, 54] . Figure 2f -i displays the results of the validation step for the HaCaT case. The model accurately predicts the behaviour of additional molecular species, namely the total phosphorylated Smad2 (figure 2f ), in response to a step input of TGF-b and treatment with CHX, which correspond to the same experimental conditions of figure 2c-e. Specifically, the model captures the sharp peak at 1 h and the quick descent towards pre-stimulus levels within the 5 h time course. In addition, we tested whether the model could reproduce different input functions for the ligand, the effects of new inhibitory drugs and the behaviour at longer time scales. In figure 2g , we show the simulation results for a cyclical treatment with TGF-b, which consists of a twicerepeated step input of TGF-b for 1 h and a wash of ligand for the following hour. The model captures the rapid increase in the total phosphorylated Smad2 levels after the first ligand treatment, the subsequent decrease upon ligand wash, and the inability of the system to relax to the pre-stimulus conditions before the second ligand treatment, which results in a weaker response, in agreement with the experimental results [36] . Furthermore, we considered the response of the system to a pulse input of TGF-b followed by treatment with SB431542, an inhibitor of receptor type I kinase activity. In the simulations, we consider the effects of this drug by setting the ALK5-mediated phosphorylation rate of Smad2 (k 5phos ) to zero. The model is again able to accurately predict the experimental results (figure 2h), specifically the rapid dephosphorylation of activated Smad2 species. Finally, in figure 2i , we compare the long-term model predictions upon a step input of TGF-b with the corresponding experimental data [54] . The model successfully captures the initial peak and decline, which reaches a steady-state value near half-maximal levels over the 25 h time course.
Bovine aortic endothelial cell line
The model parameters for the BAEC case were optimized to reproduce pSmad1 and pSmad2 experimental time courses upon treatment with TGF-b or BMP6 ( figure 3a-c) . The model captures the transient response of pSmad1 and the more sustained response of pSmad2 to a step input of the TGF-b ligand ( figure 3a,b) . In the case of BMP6 treatment, experiments display a rather different pSmad1 behaviour [57] . Figure 3c shows that the model reproduces the rapid peak and decline within the first 5 h after a step input of BMP6. Subsequently, the pSmad1 response stabilizes near 40 per cent of the maximal activation over the 25-h simulation.
For model validation in BAEC cells, we examine the ability of the model to predict, without further parameter adjustment, activation of both R-Smad channels upon a step input of TGF-b with CHX treatment, which effectively eliminates Smad7 from the system ( figure 3d,e) . The model prediction reproduces the reversion of total phosphorylated Smad1 dynamics
relative total pSmad2 relative total pSmad1 to a permanent response (figure 3d), similar to that of the total phosphorylated Smad2 (figure 3e), which is largely unchanged as compared to its behaviour without CHX. This behaviour results from active ligand-receptor complexes containing ALK1 being the primary target for Smad7-mediated degradation as opposed to those containing ALK5.
Mouse mesenchymal cell line
The model parameters for the C2C12 case were optimized to reproduce pSmad1 and pSmad2 experimental time courses upon treatment with TGF-b or BMP2 (figure 4a-c). As in the BAEC case, the model captures the transient total pSmad1 response (figure 4a) and the sustained pSmad2 response (figure 4b) over 3.3 h to a step input of the TGF-b ligand. In contrast to the behaviour observed upon TGF-b stimulation, BMP2 triggers a more sustained pSmad1 response (figure 4c). To validate the model in the C2C12 case, we simulate the effects of costimulation with TGF-b and BMP2. Here, we compare the results of the model predictions to experimental data in C3H10T1/2 cells due to their qualitatively similar behaviour regarding the activation of transcription of BMP -responsive reporter genes with BREs to that of C2C12 cells [12, 61] . The model accurately captures a diminished total phosphorylated Smad1 concentration upon treatment with both BMP2 and TGF-b when compared with BMP2 alone (figure 4d) indicating crosstalk between the two ligands. This effect may be attributed to the increased Smad7 production rate upon TGF-b treatment, which outcompetes any additional activation of the Smad1 channel, and Smad7 -mediated targeting of active BMP-receptor complexes for degradation.
Cell line comparison
We examine how the model with the parameters for the three cell lines behaves under identical in silico conditions to better understand how their characteristic Smad7 dynamics affect the output. In order to compare the activation of both R-Smad channels, we chose to simulate the experimental conditions of figure 3a,b, which correspond to treatment with 1 ng ml 21 of TGF-b, for the three cell lines (figure 5a,b). To simulate the activation of the Smad1 channel for the HaCaT case, we set the values of k lip,1 , K A,1 and k 20a,1T equal to those for the C2C12 case (table 5) . Therefore, we consider saturating ligand concentration in all cases with the same type of stimulation. Under these conditions, the three cell lines exhibit a highly transient pSmad1 response to TGF-b treatment (figure 5a). In contrast to the similar behaviour displayed for Smad1 activation, the model exhibits differences in the pSmad2 dynamics for the three cell lines (figure 5b). While pSmad2 shows a sustained response for the BAEC case, the HaCaT case produces a more transient response to TGF-b stimulation, with the behaviour for C2C12 cells falling between the two extreme cases.
In order to compare the effects of coupled signalling, we simulated the experimental conditions represented in figure  4d over a larger range of TGF-b concentrations (figure 5c). Specifically, the concentration of BMP2 is increased from 0 to 1 nM (26 ng ml
21
) at time zero and the concentration of TGF-b is increased from 0 pM to specific values ranging from 0 to 6 pM (0.15 ng ml
) and maintained constant afterwards. The pSmad1 response after 1 h of ligand treatment for the three different cases is shown in figure 5c . To simulate these conditions, for the HaCaT case, we set the value of the parameter k 20a,1B to that of the C2C12 case and for the BAEC case we use its optimized value obtained for induction with BMP6 (table 5).
relative total pSmad2 The results shown in figure 5 thus illustrate how the determinant of the qualitative differences of the signalling responses from different cell types is the type of feedback regulation. Specifically, in all cases TGF-b activates both Smad1 and Smad2 channels. The duration and shape of the response, however, depends on the cell type. In HaCaT cells (solid lines in figure 5 ), pre-stimulus Smad7 is high and induction of Smad7 expression by the Smad2 channel does not contribute significantly to the feedback. The fact that there is no effective feedback implies that there is no substantial coupling between BMP and TGF-b signalling. In BAEC cells (dotted lines in figure 5 ), the Smad1 channel induces Smad7 expression, which later on shuts down the Smad1 channel and slightly decreases the Smad2 channel. Addition of TGF-b proportionately adds both Smad7 and pSmad1 to the system, resulting in compensatory coupling between ligands. In C2C12 cells (dashed lines in figure 5 ), the Smad2 channel induces Smad7 expression, which shuts down both Smad1 and Smad2 channels. In this case, Smad1 activation by TGF-b does not compensate the increase in Smad7, which results in decreased pSmad1. Therefore, the type of Smad7-mediated feedback controls not only the shape of the response but also the crosstalking between TGF-b and BMP pathways.
Sensitivity analysis
Finally, we assessed the sensitivity of the behaviour of the system on the specific value of the individual parameters by performing a sensitivity analysis for the model corresponding to the three cell lines, as described in §2.4. Specifically, we focused on the maximum value of the concentration of the transcriptionally active nuclear pSmad2-Smad4 molecular species. We calculated the sensitivity coefficients for all the parameters of the model and those with absolute values larger than 0.25 are shown in figure 6 . This analysis reveals a high dependence of the system behaviour on the production and degradation rates of components shared between the two R-Smad channels, mainly those of the R-Smads and Smad4. In all the cases, the response is sensitive to the synthesis and degradation of both R-Smad and Smad4 as well as to the nucleocytoplasmic shuttling of Smad4. Because of the Smad7 feedback loop, the response of BAEC and C2C12 cell lines does not depend on the synthesis and degradation of the receptors. In the case of HaCaT cells, such feedback loop is basically absent and the amplitude of the response is sensitive to receptor production and degradation.
Discussion
The TGF-b signal transduction pathway consists of a complex network of interacting modules that are regulated through several layers of control mechanisms. This complexity in regulation is responsible for diverse types of signalling dynamics that are highly dependent on both the environmental context and the specific cell type. We have shown that our computational model accurately reproduces experimental time courses for HaCaT, BAEC and C2C12 cell lines in both optimization and validation steps. The main characteristic of the model is that it keeps the same type of receptor and R-Smad/Co-Smad dynamics among the three cell lines, but the dynamics is differentially controlled in each case by varying Smad7 expression and its receptor targeting behaviour. As a result, it captures the distinct signalling patterns of the Smad1/5/8 and Smad2/3 channels, including their activation by different ligands of the TGF-b superfamily.
To further understand how the negative feedback properties of Smad7-dependent receptor downregulation affect the signalling dynamics, we compared the model for the three cell lines (figure 5) and characterized both the properties of singleligand response as well as the two-ligand coupling effects. Interestingly, while the model for the BAEC and C2C12 cell lines show similar phosphorylated R-Smad time courses for a single ligand, their response to costimulation by TGF-b and BMP varies significantly. Since Smad7 is fully controlled by Smad1 activation in the BAEC case, addition of TGF-b proportionately adds both Smad7 and pSmad1 to the system, resulting in compensatory coupling between ligands. The C2C12 case exhibits a crosstalk between R-Smad channels, as the sustained pSmad2 signal and associated Smad7 expression reduces the pSmad1 output once TGF-b is added to the system, decreasing the BMP signal. The HaCaT case behaves in an opposite fashion, wherein TGF-b positively regulates pSmad1 output, adding to
relative total pSmad1 relative total pSmad2 relative total pSmad1 rsif.royalsocietypublishing.org J R Soc Interface 10: 20130363 the BMP signal. This is largely a result of the high initial Smad7 concentration in this cell line. Even though both ligands induce Smad7 expression, its level is sufficiently high to nearly saturate the system. Consequently, TGF-b adds to the pool of pSmad1 with little impact on negative feedback.
The effects of the different types of crosstalk between TGF-b and BMP in the intracellular signalling dynamics of each cell type can be summarized as follows. In HaCaT cells, since there is no Smad7 negative feedback, TGF-b adds to the BMP signal through the Smad1 channel. In BAEC cells, TGF-b does not impact substantially BMP signal through Smad1 because the increase in Smad7 compensates the increase in pSmad1. In C2C12 cells, adding TGF-b practically shuts down BMP signalling because the effects of increasing Smad7 are much stronger than the increase in pSmad1.
Our results show that crosstalk provides an additional layer of regulation for HaCaT and C2C12 cell lines in determining the signal response upon costimulation with TGF-b and BMP by either cooperating to enhance the signal or inhibiting the response of the other when both ligands are present simultaneously. Indeed, both ligands are key regulators of development and differentiation in epithelial and mesenchymal cells, in some cases eliciting distinct phenotypic responses. For instance, TGF-b has been shown to both stimulate and inhibit myoblast differentiation at different stages in the process, whereas BMP has an inhibitory effect by diverging differentiation towards an osteoblast fate [2, 62] . Our results provide further insight into the downstream signalling dynamics and mechanistic details that may give rise to these behaviours through cooperation or inhibition among TGF-b and BMP, providing additional modulation of pSmad1 and pSmad2 activation and regulating processes that respond to both ligands.
In all cases, Smad7 is a key component of the negative feedback loop responsible for the distinct behaviour of the different cell types considered. The use of detailed protein synthesis kinetics for Smad7 in HaCaT cells, even though sufficiently large amounts of endogenous Smad7 exist, shows that the feedback loop in this case does not substantially affect the dynamics, unlike the cases for BAEC and C2C12 cell lines. There are also other feedback mechanisms, such as the typical autocrine production of TGF-b ligand [63] , which was not considered here because it does not affect the signalling dynamics under saturating ligand concentrations.
We performed a sensitivity analysis that provided key insights into the robustness of each negative regulatory pattern. Overall, the amplitude of the nuclear pSmad2-Smad4 response in all cell lines is sensitive to parameter perturbation related to the synthesis and degradation of both RSmad and Smad4 as well as to the nucleocytoplasmic shuttling of Smad4. Ligand-receptor trafficking dynamics has been previously identified as a key determinant property of the system behaviour. In this case, mathematical models of receptor-level behaviour were capable of accurately reproducing distinct experimental R-Smad activation dynamics for different cell lines [8, 34] . In our analysis, we have found that the amplitude of the pSmad2-Smad4 response in the nucleus to TGF-b depends on the receptor production and degradation only for HaCaT cell lines. According to previous studies [8, 34] , the shape and duration of the pSmad2 response in HaCaT cells, in contrast to its amplitude, are completely determined by the type of post-stimulus degradation of the receptors and do not depend on the absolute number of the receptors. Therefore, differences in the number of receptors will affect the extent of crosstalk but not whether TGF-b adds to, compensates or suppresses BMP signalling. The high sensitivity of the HaCaT cell line to receptor production and degradation may provide insight into the progression of cancer in epithelial cell lines. Specifically, a number of cancer types, including those found in the breast, lung and prostate, are characterized with lost expression of the TGF-b type I and type II receptors [5] . Epithelial cells in these tissues may share TGF-b signalling characteristics with HaCaT cells, wherein those exhibiting high sensitivity to mutated receptor expression would be more likely to display aberrant signalling patterns and a resulting pathological phenotype upon mutation. The results of the sensitivity analysis are consistent with experimental data in cancer cells derived from a number of tissues in identifying receptor synthesis and degradation as sensitive processes that may result in altered cell behaviour when mutated [5] . The sensitivity analysis results may therefore be used as a tool for further investigation of mutated components in this signalling pathway, and how they may affect progression of disease in a variety of tissues.
Our mathematical model thus provides novel insights into the underlying machinery of the TGF-b signal transduction pathway. By incorporating negative feedback, both R-Smad channels and stimulation by multiple ligands, we are able to better understand how multiple cell types exhibit unique signalling patterns under identical environmental conditions. This provides an important step towards fully mapping the complex network of signal transduction in the TGF-b superfamily.
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